Thiobacillus novellus was able to grow with oxalate, formate, formamide, and methanol as sole sources of carbon and energy. Extensive growth on methanol required yeast extract or vitamins. Glyoxylate carboligase was detected in extracts of oxalate-grown cells. Ribulose bisphosphate carboxylase was found in extracts of cells grown on formate, formamide, and thiosulfate. These data indicate that oxalate is utilized heterotrophically in the glycerate pathway, and formate and formamide are utilized autotrophically in the ribulose bisphosphate pathway. Nicotinamide adenine dinucleotide-linked formate dehydrogenase was present in extracts of oxalate-, formate-, formamide-, and methanol-grown cells but was absent in thiosulfate-and acetate-grown cells.
Since the discovery of the first facultatively autotrophic strain of Thiobacillus novellus (45) , few such thiobacilli have been described (19, 26, 47) . Extensive studies on sulfur metabolism, energetics of the electron transport system, and regulation of ribulose bisphosphate carboxylase (RuBPCase) have been restricted, however, to T. novellus (1-3, 11, 12, 28, 29) . The purification and regulation of RuBPCase in T. intermedius (36) and Thiobacillus A2 (13) have recently been described. T. novellus can easily be transferred from an autotrophic to a heterotrophic medium, but, according to conflicting reports (42, 45, 47) , its ability to utilize organic compounds is restricted. Taylor and Hoare (47) reevaluated the heterotrophic potential of T. novellus ATCC 8093 and reported that both T. novellus and Thiobacillus A2 grow on formate and methanol and that Thiobacillus A2 does not utilize oxalate. In an earlier study, Shethna (Indian J. Biochem. 4:34, 1967 ) had indicated that T. novellus could utilize oxalate heterotrophically and formate autotrophically, but the details of the metabolic patterns with these two substrates were not known. From the work of these authors and others (11, 42, 44, 45) , it appears that information on oxalate and C1 metabolism in T. novellus is limited. Among facultative chemolithotrophs, only Micrococcus denitrificans (15) has been screened for the utilization of oxalate and C, compounds like methane, methanol, formate, methylamine, etc., which are generally utilized by facultative methylotrophs (4) . Hence, we decided to examine the potential for oxalate and C, metabolism in T. novellus.
Currently there is a vigorous quest to elucidate the factors that regulate the biochemistry of autotrophy in this organism. Some of the important findings are that every cell of T. novellus has autotrophic and heterotrophic potential (42) and that only thiosulfate can induce RuBPCase (28) . This enzyme has been purified from thiosulfate-grown cells, and its properties and modes of regulation have been studied (29) . Shethna (Indian J. Biochem. 4:34, 1967 ) had reported the resemblance of T. novellus to Pseudomonas oxalaticus in its metabolic pattern of growth on oxalate and formate. P. oxalaticus assimilates oxalate carbon heterotrophically but shifts over to an autotrophic mode of carbon assimilation with formate as the sole carbon source (6) . Since formate is formed as an intermediate even during growth on oxalate, it is of interest to study the biochemical basis of heterotrophic-autotrophic interconversions in P. oxalaticus (M. Knight et al., Proc. Soc. Gen. Microbiol. 3:p7, 1975 ) and T. novellus. P. oxalaticus is, to date, the only organism known to utilize oxalate and formate by different pathways (6, 21; M. Knight et al.,.Proc. Soc. Gen. Microbiol. 3:p7, 1975 For all growth studies, the mineral base medium of Chandra and Shethna (8) Catalase was assayed by the method of Fujii and Tonomura (17) . One unit of activity was defined as the amount of enzyme required for a decrease in A240 of 1.0/min.
Methanol oxidase was assayed manometrically essentially by the method of Sahm (40) . Warburg flasks contained (in a total volume of 2.3 ml) 25 ,umol of potassium phosphate buffer (pH 7.0), 7 (Table 2) . Calcium pantothenate or a mixture of vitamins also supported extensive growth (Table 2 ). When cells grown on 62 mM methanol plus 0.02% YE (10 ml of a 6-to 7-day-old culture with an absorbance of 0.70) were inoculated into a similar medium, the highest turbidity obtained was similar to that of cells transferred from nutrient agar to methanol (Fig. 2) ( Fig. 2) was between 0.23 to 0.26 g (dry weight) of cells per g of methanol after subtracting the dry weight of cells obtained in the same period from 0.02% YE medium without methanol.
Oxidative and enzymatic studies. The oxidative properties of the oxalate-, Cl-compound-, and mixed-substrate-grown whole cells are shown in Table 3 Cox and Quayle (15) to similarly utilize C, compounds (methanol, methylamine, and formate) is the hydrogen oxidizer Micrococcus denitrificans, but it does not utilize oxalate. Utilization of formamide as the sole carbon source is known in a few C,-compound-metabolizing bacteria (35) . Growth of T. novellus on methanol ( Table 2 , Fig. 2 ) is stimulated by YE or calcium pantothenate; similar observations have been reported for several bacteria (23, 24, 33, 34, 38) .
The total cell yield of T. novellus on methanol-YE medium was low compared to the theoretical values calculated by Van Dijken and Harder (48) for the ribulose monophosphate pathway on methanol. Also, the low cell yield and slow growth rate on methanol could affect the possible use of T. novellus as a source of single-cell protein with methanol.
The enzymes of oxalate and Cl-compound metabolism have been extensively examined by various methods (4, 7, 37) . Hence, a rapid screening of organisms for operation of the above pathways is now possible by demonstrating the presence of key enzymes in crude cell extracts. This concept has been discussed by Anthony (4) .
Synthesis of cell constituents from oxalate is reported to proceed either by the glycerate pathway, as in P. oxalaticus, or by the serine pathway, as in pink-pigmented organisms (7, 10a, 21) . The necessary energy for growth on oxalate is derived from a series of catabolic reactions involving the formation of oxalylCoA, formyl-CoA, and formate as intermediates (7).
The assimilation of formate can proceed after oxidation of formate to CO2, which is then fixed by RuBPCase (6) . This pathway operates in only four aerobic bacteria, P. oxalaticus (6), Bacterium formoxidans (43), Hydrogenomonas eutropha Z-1 (32), and Alcaligenes FOR, (10) .
Alternatively, formate can be assimilated by the serine pathway as in Pseudomonas AM2 and AM1 (7, 37) and Pseudomonas C (18) , where the reduction level of formate is conserved and formyl tetrahydrofolate is formed as an intermediate (37) . The energy requirement for autotrophic growth on formate is much higher than for heterotrophic growth on formate by the serine pathway (46) . The serine pathway also operates in the assimilation of methanol and methylamine in most organisms (4, 37) . Methanol and methane can also be assimilated by the ribulose monophosphate cycle (4, 46) . A unique case of aerobic autotrophic assimilation of methanol carbon by M. denitrificans has been recently reported (15) .
Our investigations on oxalate and Cl-compound metabolism and thiosulfate oxidation in T. novellus have revealed the following. Oxalate is not utilized by T. novellus autotrophically since RuBPCase is absent in oxalategrown cells (Table 4 ). The key enzymes of the glycerate pathway are oxalyl-CoA reductase and glyoxylate carboligase. Oxalyl-CoA reductase is present in oxalate-grown cells but not in formate-or thiosulfate-grown cells. Glyoxylate carboligase is present at 10-fold-higher activity in oxalate-grown cells as compared with that of acetate-grown cells (Table 4) . These data indicate heterotrophic utilization of oxalate by the glycerate pathway. Acetate-grown cells were used for comparison because the specific activities of enzymes of the citric acid and glyoxylic acid cycles are reported to be highest in these cells (11) . The level of glyoxylate carboligase activity in T. novellus is also higher than the level reported in oxalate-grown P. oxalaticus (7) , where the glycerate pathway of oxalate assimilation has been unequivocally established. Furthermore, hydroxypyruvate reductase was not stimulated in T. novellus grown on oxalate compared with that of T. novellus grown on other substrates (Table 4) , ruling out the operation of the serine pathway. Similar results were reported for P. oxalaticus (6, 7) . It may be noted that, in organisms in which the serine pathway operates, high hydroxypyruvate reductase activity (>0.4 U/mg of protein) is found (7, 9, 10, 15) .
In formate-grown cells RuBPCase was present at a high level of activity (Table 4) , similar to that reported in thiosulfate-grown T. novellus (28) . This indicates autotrophic utilization of formate carbon. The low hydroxypyruvate reductase activity in formate-grown cells (which is not stimulated as compared with that in acetate-grown cells) rules out the serine pathway. T. novellus is the first Thiobacillus species in which autotrophic growth on formate has been detected. Thiobacillus A2 (47) also utilizes formate, but there is no enzymatic or other evidence for autotrophic or heterotrophic growth. (The other four aerobic bacteria shown to be autotrophic on formate were mentioned earlier.) P. oxalaticus and T. novellus closely resemble each other in the pattern of metabolism of oxalate (heterotrophic glycerate pathway) and formate (autotrophic ribulose bisphosphate pathway). However, there are a few interesting differences. (i) The growth rate ofP. oxalaticus is higher on formate than on oxalate (6, 16) , whereas in T. novellus heterotrophic growth on oxalate is faster than autotrophic growth on formate. (ii) In P. oxalaticus, NAD-linked formate dehydrogenase activity is nearly threefold higher in oxalate-grown cells than in formategrown cells (6) . This is not so in T. novellus.
McCarthy and Charles (28) reported that HCO3-, sulfite, and sulfite plus HCO3-do not "induce" RuBPCase in T. novellus and only thiosulfate does so. Our results show that formate can also induce this enzyme in T. novellus.
In formamide-grown cells, good RuBPCase activity ( Table 4 support the hypothesis that, at the early phase of growth on mixed substrates (Fig. 1) The first step of methanol dissimilation in microorganisms, i.e., oxidation to HCHO, can be catalyzed by: (i) an NH4+-dependent, PMSplus-DCPIP-linked methanol dehydrogenase, with a pH optimum of 8.5 to 9.0 (22); (ii) an NAD-linked methanol dehydrogenase (22, 30, 41) ; and (iii) a methanol oxidase coupled with peroxidative activity of catalase (39) . Formaldehyde is further oxidized to formate by NADlinked dehydrogenases, dependently or independently of GSH; or by DCPIP-linked HCHO dehydrogenase; or frequently by the DCPIPlinked methanol dehydrogenase itself (22, 37) . Multiple enzymes for HCHO oxidation can occur simultaneously (36) . Formate is oxidized by NAD-linked dehydrogenase in most methanolutilizing bacteria (4, 37) .
In methanol-grown T. novellus, NAD-or PMS-plus-DCPIP-linked methanol dehydrogenase was undetectable at the pH values tested (see Results). The oxidation of methanol by the extracts, although weak (Results), indicates methanol oxidase activity. The catalase activity in methanol-grown T. novellus was not higher than that in oxalate-, thiosulfate-, or formamide-grown cells ( Table 4 ), implying that catalase does not function in methanol oxidation as distinctly as it does in Candida boidinii (39) , in which the catalase activity was fivefold higher in methanol-grown cells than in glucoseor ethanol-grown cells. Recently, the suggested peroxidative activity of catalase in the in vivo oxidation of methanol in yeasts has been disputed (49) . In T. novellus it is not certain whether, by modifying the pH conditions or by adding as yet undetermined cofactors, DCPIPlinked methanol dehydrogenase can be detected or whether the oxidase activity can be stimulated. The first step of methanol oxidation needs to be investigated further for final conclusions to be drawn. Formaldehyde is oxidized by both NAD and DCPIP-linked HCHO dehydrogenase independently of GSH in T. novellus (Table 4) . On the basis of the oxidation of methanol, HCHO, and formate by whole cells (Table  3 ) and the presence of NAD-linked HCHO and formate dehydrogenase in extracts ( (12) . Le'John et al. (25) have investigated the catabolite repression of thiosulfate-oxidizing enzymes in T. novellus. It is difficult to make a direct comparison of our results with their results due to the differences in the growth conditions and assay methods employed.
T. novellus is a facultative chemolithotroph that also utilizes oxalate and C, compounds.
Therefore, it is an ideal organism for investigating the biochemical basis of facultative autotrophy and regulation of RuBPCase on simple organic C, and C2 compounds, which are at the borderline between inorganic C02 and complex organic compounds.
